We used in situ hybridization with fluorescently labeled rRNA-targeted oligonucleotide probes concurrently with microscopic examinations and methane measurements to characterize the microbial community of an anaerobic hybrid reactor treating pentachlorophenol (PCP) with a mixture of fatty acids (propionic, butyric, acetic and lactic) and methanol. Archaeal cells detected with probe ARC915 prevailed in anaerobic granular sludge without and with the addition of PCP in a range of 2.0 to 21.0 mg/L to the reactor. This group accounted for 81 and 90% of the DAPI-stained cells before and after the addition of 21 mg/L of PCP, respectively. In these conditions, cells detected with the Methanosarcinales specific probe (MSMX860) were the only methanogenic Archaea found and accounted for 59 to 87.6% of the DAPIstained cells. No cells were detected by the Methanomicrobiales (MG1200), Methanobacteriaceae (MB1174) and Methanococcaceae (MC1109) specific probes. Bacterial cells detected with probe EUB338 were found in very low numbers, which ranged from 5.7 to 1.0% of the DAPI-stained cells. This finding agrees with the scanning electron microscope examinations, in which cells morphologically resembling Methanosaeta and Methanosarcina were predominantly observed in the granular sludge. Results contributed to the investigation of the importance of the methanogens during PCP degradation.
Introduction
Pentachlorophenol (PCP), a highly toxic and environmentally persistent compound, was widely used as a biocide, especially for wood preservation. Chlorinated phenols are common contaminants in water and soil. They are frequently present in effluents from paper mills which use traditional bleaching processes (Swoboda-Colberg, 1995) . Though PCP has been shown to resist biodegradation, several pathways for microbial degradation of PCP have been identified, such as reductive dehalogenation in anaerobic conditions (Mohn and Tiedje, 1992) .
PCP removal from different wastes by anaerobic treatment has been studied due to its easy degradation in environments with low redox potential. Anaerobic dechlorination and PCP breakdown by microbial consortia or co-cultures was observed by Mikesell and Boyd (1986) . Mohn and Kennedy (1992) isolated an anaerobic pure culture of PCP dehalogenating bacteria, a sulfate reducer Desulfomonile tiedjei.
Under anaerobic conditions, PCP degradation proceeds to a good efficiency in continuous systems with granular sludge (Wu et al., 1993; Hendriksen and Ahring, 1993) and in batch reactors as well (Kennes et al., 1996) . Wu et al. (1993) showed that granular sludge was able to remove PCP with a 99% efficiency in an upflow anaerobic sludge blanket reactor (UASB) fed with synthetic effluents containing 40 to 60 mg/L of PCP. Good results were also obtained in a comparative study of fixed-film reactor and UASB performances for PCP degradation under glucose supplementation (Hendriksen and Ahring, 1993) . In the presence of glucose, formate and yeast extract, PCP could be degraded by methanogenic consortia from an UASB reactor Juteau et al. (1996) . Duff et al. (1995) confirmed that phenol was an important contributor to the PCP reduction for less chlorinated compounds under anaerobic conditions in a continuous reactor. FISH has become, over the past decade, an appropriate tool to detect and study microorganisms in their natural habitats (Amann et al., 1995) . The use of 16S and 23S rRNA sequences has been especially valuable since ribosomes are present in high numbers and sequence divergences reflect phylogenetic relationships. FISH has been used in different studies to detect specific groups of Bacteria and Archaea in order to characterize the microbial population located in anaerobic biofilms (Amann et al., 1992; Raskin et al., 1994a; Raskin et al., 1994b; Raskin et al., 1996; Araujo et al., 2000) and granular sludges (Harmsen et al., 1996; Oude et al., 1998; Sekiguchi et al., 1999) .
The aim of this study was to evaluate the microbial community composition of anaerobic granular sludge from an anaerobic hybrid reactor (AHR) treating Pentachlorophenol in a range of 2.0 to 21.0 mg/L under specific concentrations of fatty acids such as acetic, propionic, butyric, lactic and the alcohol methanol. FISH was used to quantify the microbial composition. The predominant cell morphologies of the granular sludge were examined by scanning electron microscopy.
Materials and methods

Source of anaerobic aggregates
Granular sludge was taken from an anaerobic hybrid reactor (AHR), as shown previously (Montenegro et al., 2001) . The reactor was operated at the Department of Chemical Engineering, Federal University of Santa Catarina, under the supervision of Prof. Dr. Hugo Moreira Soares. The total volume of the reactor was one litre and its dimensions were 7.3 cm in diameter and 25 cm in length. The anaerobic filter portion was filled with polyurethane foam particles (Montenegro et al., 2001) . The system was initially seeded with a flocculent anaerobic sludge, sampled from an UASB system treating semi-kraft paper industry wastewater. The AHR was supplied with a mineral medium (Zinder and Koch, 1984) with acetate (20 mmol l -1 ), lactate (20 mmol l -1 ), propionate (10 mmol l -1 ), butyrate and methanol (20 mmol l -1 ). The acids where added as their sodium salts. 0.02% of yeast extract was also amended for vitamins supply, as indicated by Vazoller (1997) . The medium was buffered by using 0.05% of NaHCO 3 and 0.1 mg L -1 of Na 2 S was used to improve anaerobic conditions. The temperature range of reactor operation was 32 to 37°C with a hydraulic retention time of 1.3 day and a volumetric loading rate of 6.88 g of COD L -1 . PCP addition started after 21 months of reactor operation and lasted for four months. PCP concentrations ranged from 2.0 to 21.0 mg L -1 and were carefully increased depending on the stability of the process. The reactor was monitored by COD according to Standard Methods (1995) . The measurements of methane, volatile fatty acids and chlorophenols were done as described previously (Montenegro et al., 2001) .
Microscopic examination
Microscopic exams were done using scanning electron microscope (SEM), phase contrast and fluorescence microscope (OLYMPUS BH-2). For SEM analysis, sludge samples were fixed with 2.5% glutaraldehyde in 0.1 mol l -1 phosphate buffer (pH 7.3) for 6 to 12 h at 4°C, dried with HMDS (hexamethyldisilasane, SIGMA) and examined with a SEM (ZEISS DSM-960) at 20 kV accelerating voltage as described previously (Varesche et al., 1997) .
Oligonucleotide probes
The oligonucleotide probes used for FISH are listed in Table 1 . Probes were 5' end labeled with rhodamine (Gibco Life Technologies, MD, USA) except for the MSMX860 probe, specific for Methanosarcinales, which was labeled with Cy3 (Bio-Synthesis, Inc., USA).
FISH
Prior to fixation protocol, granular sludge samples (4.0 ml) were crushed by applying 2 g of glass beads (diameter of 4 mm) and shaken (by hand) for 20 minutes. Then, 0.5 mL of this suspension (crushed samples) were fixed with 1.0 mL 4% paraformaldehyde in phosphate buffered saline solution (PBS; 130 mmol l -1 NaCl, 7 mmol l -1 Na 2 HPO 4 , 3 mmol l -1 NaH 2 PO 4 ; pH 7.2) for 12 h at 4°C, washed three times for 5 min in PBS and stored in 50% ethanol/PBS at -20°C until used. Aliquots of 1 µl were spotted onto glass slides, dried for 20 min at 45°C, and dehydrated further in 50%, 80% and 100% ethanol for three minutes each. Hybridizations were performed as described previously (Raskin et al., 1994b; Araujo et al., 2000) . Briefly, for the EUB338 and ARC915 probes hybridizations were done in 9 µl of hybridization buffer (0.9 mol l -1 NaCl, 20 mmol l -1 Tris-HCl (pH7.2), 10 mmol l -1 EDTA, 0.01% SDS) and 1 µl of the probe (25 ng µl -1 ) at 45°C for 2 h. The hybridization stringency was adjusted by adding formamide to the hybridization buffer (0% for EUB338, 20% for ARC915 and 30% for SRB385). Washing was carried out for 20 min at 48°C in hybridization buffer (differing only in the NaCl concentration: 0.225 mol l -1 for ARC915 and 0.112 for SRB385). For the methanogenic probes, hybridizations were done in 9 µl of hybridization buffer (0.9 mol l -1 NaCl, 20 mmol l -1 Tris-HCl (pH7.2), 0.1% SDS + 40% formamide) and washing was carried out at 37°C for 30 min in the same hybridization buffer. After hybridization, slides were stained with 10 µl of a 10 µg ml -1 solution of DAPI (4′,6-diamidino-2-phenylindole, sigma) for 10 min at room temperature, washed briefly in distilled water, air dried, and mounted with a glycerol/PBS (20/80) solution with a pH 8.5.
Samples were examined with an Olympus BH2-RFCA fluorescence microscope using filter sets specific for DAPI or rhodamine (and Cy3). Cell counts were done after image capture on a 17-inch color screen using a color digital camera set (Olympus U-PMTUC) at exposure times of 0.08 s for phase-contrast and 0.5-4 s for epifluorescence. Means were calculated from 10 to 20 randomly chosen fields on each well, corresponding to 500 to 1,000 DAPI-stained cells. The hybridization values shown in Figure 2 , indicate the percentages of one specific group of cells, relative to the total DAPI-stained cells. Furthermore these values correspond to the mean of two independent hybridization experiments.
Results and discussion
Reactor performance
The reactor performance without the addition of PCP presented 90% of COD removal efficiency with 84% of methane in the biogas. The fatty acids concentrations decreased by 99%. The pH inside the reactor was maintained around 7.0. During the period of PCP additions, which started on the 650th day, COD removal efficiency was around 90% with 84% of methane in the biogas. The breakdown of volatile fatty acids was also observed under PCP concentrations up to 15.6 mg/L and 74, 64 and 93% efficiencies were reached for acetic, propionic and butyric acids, respectively (Figure 1 ). The PCP removal was greater than 96% during all the PCP additions steps (Figure 1 ).
FISH
Microbial community composition of the anaerobic granular sludge was evaluated before and during the PCP addition to the AHR in the concentrations of 12.8, 15.6 and 21.0 mg L -1 . These results are shown in Figure 2 . Granular sludge sampled without PCP Table 1 16S rRNA-targeted oligonucleotide probes for in situ hybridization (2000) * OPD, oligonucleotide probe database (Alm et al., 1996) (0 mg L -1 ) was composed of 81.1% (SD = 17.9%) archaeal and 5.7% (SD = 2.8%) bacterial cells as detected with ARC915 and EUB338 probes, respectively. Cells which hybridized to probe EUB338 were morphologically similar to Desulfovibrio, and were labelled with SRB385 probe. They accounted for 4.5% (SD=3.2%) of the DAPI-stained cells. The low values of SRB were expected because sulphate was not added to the reactor. Nevertheless, the SRB found in the granules were fermenting propionic and lactic acids as carbon sources. It is important to mention that during the PCP additions SRB numbers decreased (as shown in Figure 2 ). In a previous study using serial dilutions (Montenegro et al., 2001) , we verified that the number of SRB at the highest PCP concentration decreased. This might indicate that PCP affected the metabolism of sulfate reducers as could also be seen with the accumulation of propionic acid (Figure 1) . Archaeal cells detected with Methanosarcinales specific probe (MSMX860) were morphologically similar to Methanosaeta and Methanosarcina, which accounted for 33.0% (SD = 17.0%) and 26% (SD = 29.0%) of the DAPI-stained cells, respectively. No cells were detected with the Methanomicrobiales (MG1200), Methanobacteriaceae (MB1174) and Methanococcaceae (MC1109) specific probes. Thus, these probes were not applied in other samples and were not shown in Figure  3 . Experimental conditions of the bioreactor did not favor the growth of nonmethanogenic Archaea (extreme halophiles, thermoacidophiles, the Archaeoglobales, the Termococcales, and the thermophiles placed in the Crenarchaeota Kingdom). Thus no archaeal cells other than methanogens were expected to be present in this experiment. This is supported by the hybridization results, in which values obtained with the Archaea specific probe (ARC915) were similar to those with the Methanosarcinales specific probe (MSMX860), considering the sum of cells morphologically similar to Methanosaeta and Methanosarcina (both acetoclastic methanogens) which hybridized with this probe. This was not the case only for granular sludge sampled without PCP (0 mg L -1 ), in which the percentage of cells detected with ARC915 probe (81.1%) was higher than the sum of the groups detected with MSMX860 probe (59%). In this case it is likely that the percentage of cells detected by the Methanosarcinales specific probe (MSMX860), more likely the number of Methanosaeta cells, was underestimated. This might be due to rRNA target availability problems in relation to the MSMX860 probe, which hybridize with the 16S rRNA from position 860 to position 880 (E. coli numbering). As shown in Figure 2 , the percentage of cells morphologically similar to Methanosaeta increased and remained stable during the addition of PCP. This value was around 78.6% (SD = 24.0%) of the DAPI-stained cells at the highest PCP concentration (21 mg L -1 ). On the contrary, the percentage of cells morphologically similar to Methanosarcina decreased accounting for 9.0% (SD = 21.0%) of the DAPI-stained cells. This might indicate that these cells were more affected by the PCP than Methanosaeta cells.
SEM examinations
The granules grew up to 3 mm in diameter and presented cells morphologically similar to Methanosarcina and Methanosaeta. Figures 3a and 3b highlight the morphologies pointed out for the granular sludge samples taken from the AHR and support the hybridization results (mentioned above). Florêncio (1994) studied the behavior of UASB reactor supplemented with methanol as the only substrate as 5.0g COD. L -1 and observed a microorganism selection in the presence of this specific substrate. The author found in methanol (concentration greater than those we used), the unique presence of cells morphologically similar to Methanosarcina, which are close to the sarcina cellular arrangements observed in Figure 3b . Probably due to the stable performance of the reactor (Montenegro et al., 2001) , the PCP addition did not disturb the overall performance of the anaerobic process. More than 99% of PCP total removal was achieved by granular sludge activities. These former conditions favored a microbial consortia in the granules formed to be selected and able to grow in the presence of the organochlorine and its intermediates. The presence of methanogenic Archaea cells, members of the Methanosarcinales order after the additions of PCP, was confirmed by FISH analyses as well as by fluorescence microscopic and SEM examinations (Figures 4a and 4b) .
The results on the removal of PCP by the anaerobic microbial consortia and especially the conclusion that acetoclastic methanogens, which resemble Methanosaeta, were not affected by the organochlorine presence (as shown in Figure 2 ) highlighted the possible implication of acetoclastic methanogens in the degradation of PCP. This hypothesis is supported by Tsuno et al. (1996) , who concluded that 60% of the PCP added to an anaerobic expanded bed reactor, inoculated with acetate, was transformed into methane and carbon dioxide. Also, Kennes et al. (1996) demonstrated the important role of methanogenic microorganisms in PCP mineralization due to the presence of a specific inhibitor in the medium. In this case, methane was prevented from being produced and dechlorination was not observed.
Conclusions
FISH results together with microscopic examinations (SEM) showed that the microbial community of anaerobic granular sludge was dominated by methanogenic Archaea. This group was detected with Archaea specific probe (ARC915) and accounted for 81.1% and 89.0% of the DAPI-stained cells before and after the addition of 21 mg L -1 of PCP, respectively. Cells similar to Methanosarcina and Methanosaeta (both acetoclastic methanogens), detected with the Methanosarcinales specific probe (MSMX860), were the only methanogenic Archaea found and accounted for 59% to 85% of the DAPI-stained cells. FISH results revealed that the percentage of cells morphologically similar to Methanosarcina decreased from 26.0% (SD = 29.0%) to 9.0% (SD = 21.0%) of the DAPIstained cells during PCP addition. The percentages of bacterial cells which hybridized to probe EUB338 were relatively close to the values for SRB cells (detected with SRB385 probe). A syntrophic relationship involving acetoclastic methanogens and SRB has been observed in the presence of PCP. Despite that, SRB numbers decreased during the PCP additions. 
